Abstract. This work presents concepts and designs for two essential components of a frequency agile transmit and receive module based on Radio Frequency Micro Electro Mechanical System (RF MEMS) switches for the frequency range from 3.5 GHz up to 8.5 GHz. The advantages of a variable power amplifier (PA) matching compared to a fixed broadband solution are examined and discussed in context with the designed components.
Introduction
The general trend towards higher data throughput, frequency-agility as well as higher power together with higher efficiency, demands for more broadband and more flexible systems. Furthermore reconfigurability becomes an important factor to adapt to changing requirements during lifetime of a given system. In many systems, in special space borne systems, adjustments during lifetime can only be done, if these adjustments have already been foreseen and prepared during design stage and assembly.
Figure 1 depicts a frequency-agile transmit and receive module (T/R module), used in non-frequency-agile systems amended by reconfigurable components to deal with changing demands. The single components shall not be described in depth here, since in this paper the main focus lies on the power amplifier and high-power ultra-wide-band polarization switch.
With a fixed broadband matching network, compromises have to be accepted due to the Fano-Bode-criteria (see Sect. 2.2.1): the transistor cannot be optimally matched for all operating frequencies and conditions at a time. In contrast to the common method to match a transistor over a wide frequency range, trading bandwidth for good matching, this paper presents a multi-band concept to match the transistor optimally based on the current operating situation. Adaptive multi-band matching offers the possibility to operate the amplifier more flexibly, while choosing the situationaly best fitting state. Figure 1 .2 shows a schematic power amplifier based on a gallium nitride transistor (GaN), which is matched variably by radio frequency micro electro mechanical system (RF MEMS) switches. Similar systems based on different technologies were presented in (Malmqvist, 2009; Qiao et al., 2005; Lu et al., 2003) . Due to the almost zero DC power consumption and low insertion losses (Siegel et al., 2006) , RF MEMS are well suited for applications in efficient systems as well as in power amplifiers. The used RF MEMS technology is described in detail in Siegel et al. (2006) .
The possibilities of an adaptive frequency agile matching network exceed the possibility of only matching the transistor for the current transmit or receive frequency, furthermore the operating mode of the transistor can be changed. Is the operating frequency kept constant, the transistor can be tuned to deliver maximum output power or to operate with maximum power added efficiency (PAE). While a broadband matching can be realized to certain extend with fixed matching networks, changing the operating mode of a transistor for a fixed frequency is only possible with adaptive matching networks.
Based on the frequency bands of common communication applications, the frequency range between 3.7 GHz and 8.4 GHz was chosen for demonstration purposes, while the range from 1.5 GHz up to 18.1 GHz is considered to be the target specification for further development.
Design of single components

High-power ultra-wide-band polarization switch
An elementary part of a frequency-agile and reconfigurable T/R module, such as shown in Fig. 1 is a switching element, which can switch between the vertically or horizontally polarized antennas. This element is also necessary to change between transmit and receive mode by changing the way the vertical signal path in Fig. 1 .1 is connected with the rest of the module, adjusting magnitude and phase of the signal. Figure 2 depicts an RF MEMS based single pole double throw (SPDT) switch, which can be fabricated on silicon and integrated in a module.
The simulation results of this switch are given in Fig. 3 . These simulations do not consider any external wiring such as bond wires or pads, since the external wiring has a strong influence on the performance and is itself strongly depending on the integration environment of the switch.
Insertion loss of less than 0.55 dB and a matching of lower than −10 dB over a frequency range from 4 GHz up to over 20 GHz show promising results. Within the complete target frequency range below 20 GHz isolation between the opened and the closed output is lower than −40 dB.
Frequency-agile power amplifier
General limitations of matching networks
A well-known limit on the performance of matching networks is given by the Fano-Bode-criteria. In Steer (2010) the Fano-Bode-criteria is simplified to
: fractional bandwidth of the matching network in radians; avg : average in-band reflection coefficient; Q load : quality factor of load impedance.
Among other general results Steer, 2010 concludes from this:
1. A higher Q load results in a narrower bandwidth for a constant in-band average reflection coefficient.
2. Matching the load for all frequencies is only possible for Q load = 0.
3. With increasing Q load specified bandwidths are increasingly difficult to achieve.
To cope with this restriction in multi-band applications, one can either:
-trade bandwidth for good matching in a broadband matching network -use separate hardware for each band with optimum matching and switch between them -implement tunable narrowband matching networks.
While the first two solutions have drawbacks in terms of performance or hardware costs and area consumed, the latter one has the potential for very good performance with minimum hardware and area consumption. Therefore, the following tunable matching networks are designed to provide optimum matching conditions for each frequency-band/mode of operation for the multi-band application.
Chosen transistor
Due to the target of achieving a high output power with a single transistor, a GaN transistor was chosen. An example of a GaN based T/R module can be found in Schuh et al. (2008) . The source and load impedances, which the transistor has to be connected to for frequencies between 3.5 GHz and 8.5 GHz, are shown in Fig. 4 ; data is given for maximum output power and maximum PAE. Due to the position of the matching points, it can be expected, that the most broadband matching can be achieved for the output matching tuned for maximum output power. The output matching network for maximum efficiency should be slightly more broadband than both input matchings, but all three are expected to be rather narrowband.
Design principle of matching networks
The matching networks for gate and drain of the GaN transistor are realized as single stub networks on silicon. Therefore a stub line is connected in parallel at some distance to the load structure, which has to be matched to 50 . The stub line can be realized with an open circuit at the end or can be shortcut to ground. Due to the available RF-MEMS technology, the stubs have to be realized open ended. The stub represents a certain impedance to ground, based on the electrical length and the configuration of the stub line -in this case open ended. The distance between stub and load structure is such chosen, that the parallel stub compensates for the imaginary part of the impedance seen at the stub position looking towards the load structure. Therefore a purely resistive impedance of 50 is seen from the input of the matching network.
Figure 5 depicts a part of an RF-MEMS based matching network. Reconfigurability is achieved by several switches used to connect different stub lines at different positions to the through line. Based on the matching network's dimensions, the length of the through line is fixed. Using different stubs for matching results in varying residual line lengths between currently used stub and the end of the through line towards the 50 system. Since the through line is designed with an impedance of 50 , the varying residual line length does not affect the matching.
Stub based matching networks, as depicted in Fig. 5 , are simple to design and well suited to match the load for a few, discrete frequency points and operating modes. The three depicted examples also illustrate the limitations of the approach. To avoid resonances and coupling between the stub lines, a minimum distance between two adjacent stubs has to be kept. As a result, the number of stub lines per length unit is limited.
A simple solution for this limitation is to put some stubs λ/2 or a multiple farther away from the load structure than calculated. This increases the possible number of stubs in the design, but introduces higher losses for all possible states, due to the longer through line.
Frequency-agile matching networks -maximum output power
To demonstrate the capabilities of this approach, frequency agile matching networks for gate and drain have been designed to tune the chosen transistor for maximum output power. Table 1 gives an overview of the matched discrete frequencies. Due to geometrical restrictions, the matching networks could not be designed to match gate and drain of the transistor both at 5 GHz or 5.5 GHz. Therefore gate and drain can only be matched at two slightly different frequencies around 5 GHz. Figure 6 and Fig. 7 show the designed matching networks for maximum output power. As stated before, due to the available technology, the stubs have to be realized as open circuits. Therefore, a possibly shorter shortcut stub to ground is not applicable and some stubs are rather long in Fig. 6 .1.
To Another possibility to reduce the size of the matching networks incorporates radial stubs as shown in Figure 6 .2 and Figure 7 .2. The higher capacity to ground of the radial stubs decreases the length and can reduce space consumption. A major drawback of this solution is the increased width of the stubs, further decreasing the number of possible stubs per length unit. In Figure 6 .2 on the right hand side of the matching network, a piece of line (indicated by thin, red bar) had to be added to cope with the wide radial stubs. However, the necessity of adding additional line lengths is strongly dependent on the design. In Figure 7 .2 no adjustments were necessary.
Simulation results of the gate and drain matching networks are given in Figure 8 and Figure 9 , respectively. The long stub lines of the stub based gate network result in higher insertion losses and limit the area of the smith chart, which can be matched well. In consequence matching is partially low, which could be significantly improved by using radial stubs.
Since the gate matching is rather narrowband, the frequency range around 7.5 GHz cannot be matched with one of the four states in the stub version. Consequently another stub has been added in the radial stub version to match the gate around 7.5 GHz. At the five design frequencies matching is below -10 dB and insertion loss is still high, but acceptable, since this can be compensated by a driver amplifier. Another possibility to reduce the size of the matching networks incorporates radial stubs as shown in Fig. 6 .2 and Fig. 7 .2. The higher capacity to ground of the radial stubs decreases the length and can reduce space consumption. A major drawback of this solution is the increased width of the stubs, further decreasing the number of possible stubs per length unit. In Fig. 6 .2 on the right hand side of the matching network, a piece of line (indicated by thin, red bar) had to be added to cope with the wide radial stubs. However, the necessity of adding additional line lengths is strongly dependent on the design. In Fig. 7 .2 no adjustments were necessary.
Simulation results of the gate and drain matching networks are given in Fig. 8 and Fig. 9 , respectively. The long stub lines of the stub based gate network result in higher insertion losses and limit the area of the smith chart, which can be matched well. In consequence matching is partially low, which could be significantly improved by using radial stubs.
Since the gate matching is rather narrowband, the frequency range around 7.5 GHz cannot be matched with one of the four states in the stub version. Consequently another stub has been added in the radial stub version to match the gate around 7.5 GHz. At the five design frequencies matching is below −10 dB and insertion loss is still high, but acceptable, since this can be compensated by a driver amplifier.
The simulation results of the drain matching networks in Fig. 9 show very good performance for the stub version as well as the radial stub version. For almost all frequencies between 3.5 GHz and 8.5 GHz it is possible to find one network state with insertion loss lower than 0.5 dB and matching lower than −15 dB. The radial stub version offers comparable performance and is reduced in size. 
Frequency-agile matching networks -maximum PAE
Additional to the networks shown in Sect. 2.2.4, matching networks for maximum PAE have been designed. Since the design principle is the same, only the smaller radial versions are shown here. The layout is depicted in Fig. 10 . The matching is, as expected to be, more narrowband than shown for the maximum output power networks. Figure 11 gives the simulation results of these structures. Due to the low space consumption of the radial stubs in Fig. 10 .2, additional stubs could be added to achieve a better average matching over the whole frequency range. The gate matching network has not been extended to keep the losses as low as possible. The corresponding design frequencies for both matching networks are given in Table 2 .
The drain matching works quite well over a wide frequency range, exhibiting losses lower than 1 dB. However, the performance of the gate matching network is comparable to the one shown in Fig. 8 for maximum output power mode.
Combined mode frequency-agile matching networks
The formerly shown networks are designed to demonstrate the frequency-agility of this concept. As stated before, a major advantage of adjustable matching networks is the possibility to change the operating mode of the transistor during operation. Therefore a combined matching network, based on the single matching networks for maximum output power and maximum PAE, has been designed to show this functionality. In Table 3 design frequencies for maximum output power and maximum PAE are summarized. The necessary source impedances for maximum output power and maximum PAE are not very different for the gate matching. Therefore the combined matching network is only designed for drain matching.
The according designs as stub based and partially radials based are depicted in Fig. 12 . The two remaining line stubs in Fig. 12 .2 could not be replaced with radials, since the radials would have been so big, that these would have been overlap- Table 2 . Discrete design frequencies of radials based matching networks for maximum PAE.
Maximum PAE Frequencies in GHz
Gate -4 5 -6.5 8.5 Drain 3.5 4 5 5.5 6.5 8.5 Table 3 . Discrete design frequencies of combined matching network.
Drain Frequencies in GHz
Maximum Efficiency (PAE) 4 5 6.5 8.5 Maximum Output Power 4 5.5 6.5 8.5
ping in any possible configuration. Therefore the two stubs have been kept. Furthermore the additional design frequencies of the drain matching network for maximum PAE had to be discarded, due to the high number of stubs, which had to be arranged. Figure 15 .1 and Fig. 15 .2 depict simulation results of the combined matching network for stub based and radials based realizations, respectively. Both versions are quite similar and show very good performance.
The maximum output power states are close to the results shown before, even though insertion loss is a bit higher, due to the additional stubs and therefore longer through line. The optimum load impedance for maximum PAE is varying more over frequency than the one for maximum output power and exhibiting a higher quality factor. As a direct result, the matching of the four discrete states is narrower, than the one for maximum output power. However, the matching is good for the design frequencies and insertion loss is acceptable.
Integration approach
In a later design step the power amplifier shall be integrated in a T/R module as depicted in Fig. 1 . Figure 13 gives a top view of the integration approach, restricted to the close surrounding of the power amplifier.
In agreement with the manufacturer of the GaN transistor, the integration approach in Fig. 14 has been worked out. The basis of this approach is a conductive carrier board, providing a common ground plane. To keep the bond wires as short as possible, it is accepted, that the ground plane is not flat but contains a small step around the transistor. This is necessary, due to the different chip thicknesses of silicon matching networks and GaN transistor.
The circuit is assembled beginning from the GaN transistor in the center of Fig. 14 . After soldering the transistor, the additional parts are conductively glued on the carrier board as close to the adjacent structures as possible to minimize the bond wire lengths. The Rogers RT/Duroid 5880 PCBs are fabricated in a thickness similar to the silicon chips. Thus the top sides of the silicon based matching networks and the PCBs are leveled without the necessity to mill steps into the conductive carrier. Milling tolerances for the conductive carrier could cause additional spacing between neighboring structures, resulting in longer bondwires. Additional surrounding components can be integrated in the same way or on top of the Rogers RT/Duroid 5880 PCBs.
Comparison with state of the art
A comparison with other works is difficult, since this kind of matching network is specifically designed for one transistor. Therefore generally the system's overall performance is shown and the performance of the matching network itself is not presented. Two similar works have been found, which give results on the matching networks. The main results given are summarized in Table 4 and compared with this work.
Conclusions
This paper shows the design of an RF-MEMS SPDT switch for frequency-agile systems as well as adaptive frequencyagile matching networks for adaptively matching power amplifiers to the current operating conditions. The presented simulation results promise a valuable benefit of adaptive matching networks compared to fixed matching networks in multi-band applications.
Apart from overcoming compromises necessary for broadband matching networks, the adaptive frequency-agile matching networks proposed in this paper, can tune the transistor between different operational modes, while keeping the operating frequency fixed. Therefore an amplifier can be tuned from maximum output power to maximum PAE, depending on current conditions. This feature is interesting for efficient systems, which are in non-constant environments. If propagation attenuation increases, the transistor can be tuned from maximum PAE mode to maximum output power to compensate for the higher losses. When the attenuation decreases, the mode can be changed back to maximum PAE to save energy.
The functionality of the components could be verified based on simulations in the frequency range between 3.5 GHz and 8.5 GHz. 
Outlook
The designed structures are fabricated, so that they can be integrated and characterized. The components will be integrated in a module after a complete characterization and analysis of the results. Finally a redesign can improve the performance and the frequency range.
